Molecular dynamics computer simulations have been utilized to compare the differences in the mechanism of sputtering of Ag{111} by kiloelectronvolt Ga and C 60 projectiles. The calculated kinetic energy distributions of Ag monomers and Ag 2 dimers compare favorably with experimental results. The damage caused by the C 60 particle left in the sample is less than the depth of material that the next impinging C 60 particle would remove, thus supporting the preliminary experimental observations that molecular depth profiling is possible with C 60 projectile beams.
Introduction
There has been a recent flurry of interest in utilizing energetic buckminsterfullerene (C 60 ) molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] for surface characterization in time-of-flight secondary ion mass spectrometry (SIMS) experiments. 13 For these experiments, C 60 + ions are accelerated to between 10 and 20 keV, pulsed, and focused onto a target causing desorption of atoms and molecules from the near-surface region. [1] [2] [3] Cluster ion beams have been of interest in these types of experiments for many years since it has been noticed that surface molecules are desorbed with greater efficiency than with corresponding atomic ion beams. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] When C 60 strikes a surface, however, the subsequent energy dissipation processes give rise to several fascinating phenomena with significant scientific implications. Detailed studies are now possible since a stable, long-lived source of C 60 + ions has recently been developed. [1] [2] [3] This source is particularly interesting since the ion beam may be focused to a probe size of the order of 1 µm, opening the possibility of greatly improved molecule-specific imaging experiments.
The important phenomena associated with C 60 impact events encompass a range of observables. First, neutral yield enhancements relative to atomic projectiles of order 10-fold have been reported from bombarded metal surfaces, 7 and enhancements of more than 10000-fold have been reported for ionized small peptide molecules with molecular weights of up to several thousand daltons. 1, 12 Second, there appears to be much less damage remaining on the sample surface after bombardment. 4, 11 This observation has led to depth-profiling experiments on polycrystalline multilayer stacks which exhibit very little interlayer mixing. 4, 11 Third, the combination of high secondary yields with low damage creation opens the possibility of using C 60 ion beams to profile through molecular structures without significantly altering the chemical composition. 6, 20 This modality, if properly exploited, could create a new paradigm in materials characterization. Already, examples of profiling through polymer thin films and amino acid ice solutions have been reported. 6 Moreover, preliminary imaging experiments have been performed to study the surface composition of single biological cells. 10 Using the depth-profiling idea, it may be possible to acquire a three-dimensional picture of such objects.
The focus of this study is to acquire a fundamental understanding of the processes that give rise to the unique properties associated with C 60 bombardment. To achieve this goal, we have utilized molecular dynamics (MD) computer simulations, already extensively developed for atomic and simple cluster bombardment of a variety of targets, to address this problem. The work has emerged from earlier model calculations of 10-20 keV C 60 impact on graphite, 28, 29 diamond, 30 and Ag{111}. 31 These studies all showed that the primary energy is deposited very near the sample surface and that desorption is accompanied by the formation of mesoscopic impact craters.
In this work, an appropriate model system is proposed whereby the behavior of atomic bombardment and C 60 bombardment can be quantitatively compared. Specifically, we address the issues of yield enhancement for both atom and cluster emission, sample damage to establish implications for depth-profiling experiments, and kinetic energy and angular distributions of ejected atoms and clusters. The latter calculations are important since experimental measurements are available for comparison purposes and these comparisons are essential for testing the efficacy of the model itself. The calculations are performed using Ag{111} as a target. It is anticipated, however, that the protocols reported here will be useful for examining more complex materials, especially those involving molecular overlayers, where the molecular mechanisms associated with the intriguing effects noted above can be revealed in detail.
Model Details
The bombardment of a clean Ag{111} surface is modeled using molecular dynamics computer simulations since MD simulations provide an excellent representation of particle bombardment events. 32, 33 The MD simulations allow calculation of experimentally observable properties such as yield, kinetic energy distributions, and angular distributions. Of special interest in this study is the damage in the substrate resulting from the C 60 projectile bombardment. As discussed below, the damage is found to be localized near the impact point making it possible to contain the important events in a finite size system in the simulation. An extensive description of the MD scheme is available elsewhere. 32, 34 The forces among the atoms are described by a blend of empirical pairwise additive and many-body potential energy functions. The Ag-Ag interactions are described by the molecular dynamics/Monte Carlo corrected effective medium (MD/MC-CEM) potential for fcc metals. 35 The Ga-Ag interactions are described using the purely repulsive Molière pairwise additive potential. The adaptive intermolecular potential, AIRE-BO, developed by Stuart and co-workers is used to describe the C-C interactions. 36 This potential is based on the reactive empirical bond-order (REBO) potential developed by Brenner for hydrocarbon molecules. 37, 38 The AIREBO potential yields a binding energy per atom in the relaxed C 60 cluster of 7.2 eV, which compares well with the experimental value of 7.4 eV. 39 Finally, the interaction between C and Ag atoms is described by a Lennard-Jones potential using established parameters. 40 Our model approximating the Ag{111} substrate consists of a finite microcrystallite containing 166 530 atoms arranged in 39 layers of 4270 atoms each. The sample size (175 Å × 174.5 Å × 89.7 Å) was chosen to minimize edge effects on the dynamical events leading to ejection of particles. Projectiles of 5, 10, 15, and 20 keV C 60 , 15 keV Ga, and 250 eV C are directed normal to the surface. In addition, 15 keV C 60 bombardment was examined for off-normal incidence. In this case, the impact azimuth was selected to avoid principal channeling directions of the {111} surface. A total of 1000 trajectories was calculated for 250 eV C and 300 trajectories for 15 keV Ga, and 47, 81, 83, and 29 trajectories were sampled for C 60 with 5, 10, 15, and 20 keV, respectively. As discussed previously, 31 the motion induced by C 60 bombardment is mostly independent of the initial aiming point. Consequently, fewer trajectories need to be sampled to obtain reliable statistics. Each trajectory was initiated with a fresh sample with all atoms in their equilibrium minimum energy positions. The atoms in the target initially have zero velocity. The atoms in the C 60 projectile initially have no velocity relative to the center of mass motion that is initially aimed toward the solid. The trajectory is terminated when the total energy of the most energetic particle remaining in the solid is 0.1 eV, where the binding energy of Ag is 2.95 eV. In addition, we have made six test calculations with a termination energy of 0.01 eV. The calculations ran longer, but no additional ejected particles were observed. The time of each trajectory ranges between 4 and 13 ps and depends on the type of primary projectile, its impact point, and the manner in which the energy distributes within the solid.
There are two aspects of the computational setup that require special care. First, large pressure waves 31, [41] [42] [43] [44] [45] [46] are generated by the C 60 bombardment that could possibly cause artifacts if allowed to reflect from the boundaries of the sample. Briefly, for the boundary conditions, we put a stochastic region 47, 48 at 0 K and a rigid layer on five sides of the crystal. Second, the definition of ejected species must be carefully examined due to the eruption of the material caused by the C 60 impact, as shown in Figure 1 . The treatments of both of these computational issues have been discussed in detail. 31 The simulations cannot be performed for the tens of microseconds that it takes particles to reach the detector in the experiment. 32 Consequently, ejected clusters at the end of the simulation may have sufficient internally energy to unimolecularly decay. 49, 50 To minimize the influence of this phenomenon and maintain a tractable computer time, we have divided the simulation into two time regimes. The movements of all particles in the system were traced until 9.5 ps or until the calculation termination conditions have been satisfied. Subsequently, only the movements of sputtered particles were followed up to 500 ps. The calculations performed by Wucher and Garrison show that most of the ejected unstable silver clusters decompose into stable fragments on a time scale of several tens of picoseconds. 49 ,50 Therefore, we believe that the adopted time limit is sufficient to take into account the significant portion of these events. The unimolecular decomposition has a noticeable influence on all ejection characteristics. We see, for instance, that the partial sputtering yields for monomers, dimers, and trimers ejected by 15 keV C 60 bombardment measured immediately after sputtering and at 500 ps are modified by 13, 25, and 6%, respectively. The kinetic and internal energy spectra are also influenced by this phenomenon. For example, the kinetic energy distribution of Ag monomers sputtered by 15 keV C 60 bombardment of a Ag{111} surface at normal incidence exhibits a 25% increase in the low-energy portion of the spectrum from atoms that originate from cluster dissociation. As a result, the kinetic energy spectra are shifted toward a lower kinetic energy if fragmentation is included in the analysis. Consequently, all the spectra shown in the figures are calculated for ejected particles traveling for 500 ps.
Results and Discussion
An intriguing experimental suggestion for the use of C 60 projectile beams is for depth profiling. 1,4-6,11 Thus we start our discussion with a description of the nature of the damage created in the substrate due to the C 60 projectile. The total yield of particles of various types, e.g., Ag, Ag 2 , and Ag 3 , as a function of incident angle is considered next. Finally the energy and angular distributions of the monomers and dimers are examined, and the energy distributions are compared to experimental ones for C 60 and Ga bombardment.
Damage. Cross-sectional views of the temporal evolution of typical collision events leading to ejection of atoms due to 15 keV Ga and C 60 bombardment are shown in Figure 1 . It is obvious that the nature of the energy deposition process is very different for these two projectiles. The high-energy Ga projectile penetrates deeper into the crystal creating a damaged area that is cylindrical in shape. The C 60 bombardment event creates a mesoscale crater with concomitant pressure wave into the solid. 31, [41] [42] [43] [44] [45] [46] As described by Yamada and co-workers for C 60 bombardment on diamond, 51 the C 60 projectile dissociates upon impact and most of the carbon atoms are backscattered into the vacuum. The impact leads to nearly simultaneous motion and high disorder in a relatively shallow volume of the crystal below the surface in a very short time. This dense, liquidlike region closes off open channels so that individual carbon atoms have difficulty penetrating deeply into the sample. Consequently, a significant amount of the projectile's energy is deposited close to the surface, leading to the emission of many particles. The motions due to the mesoscale impact of the entire C 60 particle and the collisions induced by the individual C atoms have inherently different character and different time scales. These two components influence the yields and kinetic energy distributions.
To approximate the long time structure of the system, one trajectory at each energy was integrated to 29 ps so that the stochastic region could drain excess energy and cool the crystal. Cross-sectional views of typical craters formed at 29 ps after C 60 impact are shown in Figure 2 . As discussed previously, 31, [41] [42] [43] the crater formation is almost mesoscopic in nature and only weakly depends on the initial impact point of the C 60 molecule on the surface. Thus, we feel that a detailed analysis of one trajectory gives the correct picture of the damage process. The crater has an almost circular shape surrounded by a rim. Each crater is surrounded by a region, the thickness of which increases with the kinetic energy of the projectile, where considerable atomic rearrangement or mixing occurs. Outside this region, the structure of the crystal is almost unaltered.
The crater size depends on the kinetic energy of the C 60 projectile. For the size estimate, the crater is assumed to be a half-ellipsoid with a radius R and a depth d. The estimated crater size and an approximate number of atoms that are missing from the crater, N missing , are given in Table 1 . The atoms were treated as missing if they were finally located at a distance a/4 above the original surface plane, where a is the lattice constant. Both the depth and radius of the crater were measured from four snapshots analogous to these presented in Figure 2 . Table 1 shows that the crater volume increases with the projectile kinetic energy. The increase is greatest in the lateral dimension, i.e., diameter, rather than the depth of the crater. Over the range of experimental interest, 5-20 keV, however, the qualitative features of the mechanisms of particle removal and crater formation are independent of incident energy and incident angle (not shown). One would expect, therefore, to obtain similar qualitative results in the experiments, independent of the initial projectile energy.
The key aspect to depth-profiling experiments is a quantitative description of the spatial damage accumulated in the remaining material. We first examine the vertical rearrangements of atoms. The atoms considered are those in a cylinder of diameter 3 nm centered in the middle of the crater. For 5 keV bombardment, this dimension is slightly larger than the crater diameter but for the other energies, it is smaller than the top dimension of the crater. There are 220 atoms per layer considered in the analysis. The fraction of atoms sputtered, those that are relocated by more than a half-layer spacing in the vertical direction and those that are not relocated are given in Figure 3 as a function of layer number. All sputtered atoms arise from within the depth of the original crater. For the low energy of 5 keV, almost all of the atoms originate from the top two to three layers. The depth of origin of sputtered atoms increases with the increase of the kinetic energy of the C 60 projectile. At the highest energy, 20 keV, even a few particles eject from as deep as the 9th or 10th layer. The relocated atoms are predominantly from one crater depth at the lowest energy to approximately twice that depth at the highest incident energy.
The horizontal damage is shown in Figure 4 for atoms that were originally in the top two layers of the crystal. The abscissa refers to the original distance of the atom in the crystal from the cylinder axis. The sputtered particles predominantly arise from distances of 1-3 nm from the impact point. The relocated particles arise from all regions but dominate directly under the impinging C 60 projectile and at the edge of the crater as evident from Figure 2 .
A qualitative assessment of the implications of C 60 bombardment for depth profiling can be made by comparing the samples for the same amount of material removal. For atomic bombardment, the typical yield is on the order of tens of particles, e.g., the yield is 21 for 15 keV Ga bombardment of Ag as given in Table 2 , whereas the analogous yield for C 60 bombardment is 327. To obtain the same amount of material removal as with one C 60 projectile, 10-20 Ga atoms must strike the same region of the target. As shown in Figure 1 , the mixing of layers due to the Ga atom bombardment extends to 20 or more layers so that by the time the particles are being ejected from, for example, the 12th (orange) layer, the chemical identity is significantly scrambled. The C 60 bombardment, on the other hand, more efficiently removes the top layers of material, leaving the substrate less damaged.
Although the depth-profiling characteristics of C 60 bombardment do not compete with the best of the low-energy beams designed for shallow depth profiling, there are some distinct attractive features. First, the C 60 ion beam can be focused to a small spot, 1,3 allowing images to be recorded simultaneously with depth profiling. Second, the yield is larger than atomic beams; thus, the speed at which the sample erodes is faster. Third, since the mixed region is limited to a spatial area that occupies a smaller volume than the amount of material removed, it is conceivable that the next C 60 impact will remove all of the damaged region below the crater as well as pristine material. Hence, the computer simulations strongly suggest that there will be no damage buildup in the sample. The signal will always contain a significant component due to the unmixed and undamaged material. This situation should persist up to at least 20 keV incident kinetic energy.
Sputtering Yield. The difference in the sputtering yield resulting from atomic and cluster impacts is important in revealing whether there are nonlinear enhancement factors associated specifically with the cluster impact phenomenon. To test for this effect, the total and partial sputtering yields were calculated at 500 ps and are summarized in Table 2 . The total sputtering yield for 15 keV C 60 (250 eV per individual C atom) bombardment is almost three times larger than the accumulated sputtering yield stimulated by 60 separate 250 eV carbon projectiles. Therefore, strong nonlinear effects indeed occur during C 60 impacts. Yield enhancements during cluster bombardment are well-known and have been observed both in calculations, [41] [42] [43] 52 and in experiment. [53] [54] [55] In SIMS and postionization experiments, the total yield of material removed is generally not measured. Rather the average numbers of individual species such as monomers, dimers, and larger clusters are recorded. The average number of various ejected particles is also shown in Table 2 to enable a more direct relationship of our data to the results obtained in experiment. The sputtering yields of all species increase with increasing energy of the primary particle.
The data in Table 2 show that proportionately more clusters eject for C 60 bombardment than either atomic Ga bombardment or atomic 250 eV C bombardment, indicating that emission of large clusters is favored during C 60 bombardment. Such behavior can be expected on the basis of the snapshots of the atomic motions shown in Figure 1 . The development of a collision cascade immediately following impact exhibits a large density of energy deposited in subsurface volume by C 60 bombardment and large chunks of material are ejected at the early stages of development of the collision cascade. In addition, at later times a large number of slowly moving atoms enclosed near the base of the crater have the potential to favor more abundant cluster emission.
Measurements of the total amount of material sputtered from Ag due to C 60 bombardment are currently unavailable. A total removal yield resulting from 15 keV C 60 bombardment of polycrystalline gold at 45°incidence measured with a quartz crystal microbalance has been recently reported. 56 Since our objective is to determine if a factor of 15 in yield difference between atom and C 60 bombardment is plausible, we use this piece of experimental data. The experimental value of 200 Au particles removed per incident C 60 projectile agrees qualitatively with our predicted total yield of 218 for Ag under similar conditions shown in Table 3 . Although the systems are not identical, Ag{111} under low-dose conditions vs polycrystalline Au under high-dose conditions, the comparison does show that the calculations give a sensible value for the total yield of particles removed.
The relation between the angle of incidence of the primary projectile and the total yield of sputtered particles can reflect important mechanistic details. Several of these calculations have been performed for C 60 bombardment, and the results are given in Table 3 . The sputtering yield as well as the individual monomer, dimmer, and trimer yields for 15 keV C 60 bombardment are found to decrease as the incident angle becomes more off-normal, except for possibly 15°incidence. This observation differs from the data reported for monatomic projectiles, 57 where the sputtering yield increases up to a certain critical angle, usually around 60°, and then starts to decrease. Such behavior for atomic bombardment has been attributed to the increase of the amount of projectile's kinetic energy deposited in the subsurface region with the increase of the impact angle. It is known that only this energy is responsible for ejection of particles. 57 Monatomic projectiles impinging at the surface at normal incidence deposit most of its kinetic energy at significant depth as shown for 15 keV Ga impact in Figure 1 .
The sputtering initiated by C 60 bombardment on Ag{111} is qualitatively different. Most of the primary energy is deposited at the depth at which it can efficiently contribute to ejection. As a result, the ejection efficiency does not benefit from the increase of the impact angle. On the other hand, as the impact N Emitted from 5, 10, 15, and 20 keV C 60 , 15 angle increases, more energy is reflected into the vacuum, although the number of back-reflected carbon atoms remains almost the same. For example, for 15 keV C 60 bombardment the average amount of kinetic energy carried away by reflected C atoms increases monotonically from 2 keV at normal incidence to 8.5 keV for 60°impact. The mechanistic reason for the larger yield at normal bombardment rather than oblique bombardment hinges on the relatively large mass of the substrate compared to the impinging C atoms. The heavy Ag particles can easily reflect the light C atoms. Much of the interest in the SIMS community, however, is the use of C 60 bombardment of Si for applications in the semiconductor industry or of organic and biological samples for mass spectrometric analysis and imaging. In both of the latter applications, the mass of the substrate matches more closely that of C and thus as much energy may not be carried off by the incident atoms. The implications of this angle dependence are not yet fully known. Experimental studies of C 60 bombardment of silicon at various angles indicate that off-normal bombardment is more effective than normal bombardment. 3 Kinetic Energy and Angular Spectra. The kinetic energy and angular spectra are briefly presented here in order to give a complete description of the differences in emission due to Ga and C 60 bombardment. A full interpretation of the trends and shifts in peak positions is currently under study and will be given in a more specialized publication. 58 These comparisons are important because the predictions of the model are amenable for experimental measurement; thus, they give a means of validating the simulations.
Peak-normalized kinetic energy distributions of silver atoms sputtered by C 60 and Ga and C projectiles are shown in Figure  5 . The kinetic energy spectrum for 15 keV bombardment at 45°incidence is not shown since it looks very similar to the 10 and 20 keV C 60 data. Only a small shift to lower kinetic energy is visible with the increase of the kinetic energy of the C 60 projectile. On the other hand, the kinetic energy spectra of particles ejected with 15 keV Ga, 0.25 C, and 5 keV C 60 projectiles peak at larger kinetic energy. As discussed above, there is interplay between the mesoscopic crater formation and the motion induced by the dissociated C 60 cluster. The crater formation process tends to eject particles at higher kinetic energies, and the motion induced by the individual C atoms tends to give rise to slower moving particles. The 5 keV C 60 distribution appears to be dominated by the higher energy ejection mechanism, the crater formation process, and appears similar to the atomic bombardment energy distributions. For the 10-20 keV C 60 bombardment, the lower energy ejection process dominates and the peak in the distribution shifts to lower energies. It is known that the kinetic energy distribution of atoms ejected from a nonlinear regime peaks at a much lower kinetic energy than for atoms ejected from a linear collision cascade. 59 The calculated and experimental 7 kinetic energy distributions of Ag monomers and dimers ejected by 15 keV Ga and C 60 projectiles are shown in Figure 6 . Measurements performed for atomic projectile bombardment indicate that the clusters are ejected with lower kinetic energies than the corresponding atomic species, [60] [61] [62] as shown in Figure 6 for Ga bombardment. In addition, it has been observed that the high-energy portion of the spectrum drops off faster than for atomic ejection. As shown in Figure 6 , the behavior of Ag 2 clusters ejected during Ga bombardment follows these trends. Ejection of silver dimers from the C 60 -bombarded Ag{111} surface, however, does not follow these expectations. The dimers have, on average, larger kinetic energy than ejected Ag atoms in both the measured and calculated energy distributions. As mentioned above, there are two stages of emission of particles including dimers. The details of how these two mechanisms quantitatively contribute to the calculated and measured kinetic energy distribution are under further study. 58 The main point in this discussion is that the relative peak positions of the Ag and Ag 2 distributions shift due to C 60 vs Ga bombardment and that these trends are observed in both the experimental and calculated results. The angular distributions of silver atoms and dimers ejected along -30 and +30 azimuths during 15 keV Ga and C 60 bombardment of Ag{111} are shown in Figure 7 . Silver atoms and dimers ejected from the sample bombarded with 15 keV Ga exhibit well-known anisotropies, which are attributed to channeling and blocking. 62 On the other hand, almost no azimuthal anisotropy is visible for atoms and dimers ejected by C 60 bombardment, where most of the particles eject along the normal to the surface. The angular spectrum of emitted silver atoms, however, cannot be described by a cosine law, which would be expected if the atoms were simply evaporating from the surface. There are just a few measurements of angular distributions of particles ejected under nonlinear sputtering conditions. Toyoda et al. reported that copper particles are emitted predominantly at off-normal directions during bombardment of copper with an Ar 3000 cluster. 63 The authors propose that such a distribution is caused by a significant contribution of particles ejected from around that edge of the crater which obtain a high lateral momentum. Indeed, Colla and Urbassek also observed in their simulations that slow evaporation of clusters from the crater rim contributes mainly to the emission at angles close to the surface. 42 An almost cosine-like spectrum, however, was obtained if all particles were included in analysis.
Observations from experiments of Toyoda et al., 63 however, cannot be directly compared to our simulations. Ejecting copper atoms on their way out have to penetrate through the huge Ar cluster, which will reduce the number of particles emitted in the normal direction. The angular spectra during small cluster bombardment have been measured by Andersen et al. 55 They found that angular distributions of material sputtered by cluster irradiation are more isotropic than distributions induced by monomer bombardment at the same velocity. This result agrees qualitatively with our observations.
As for the case of energy distributions, the angular distribution of the Ag 2 particles is also different when compared to atom emission. While monomers are predominantly ejected along the normal to the surface, most of the dimers are ejected at ∼20°w ith respect to the normal direction. A full explanation of the mechanistic reasons for this angular dependence is under investigation. 58 
Conclusions
The molecular dynamics simulations presented here establish the foundation and protocol for further studies of bombardment of kiloelectronvolt C 60 particles. The calculated kinetic energy distribution of Ag 2 dimers is narrower than the Ag monomer distribution for Ga bombardment but is broader for C 60 bombardment in agreement with experiment. 7 The calculations present a graphic illustration of the essential differences in C 60 bombardment vs atomic bombardment vis-à-vis the damage left in the remaining sample. The damage caused by the C 60 particle left in the sample is less than the depth of material that the next impinging C 60 particle would remove, thus supporting the preliminary experimental observations that molecular depth profiling is possible with C 60 projectile beams. The next obvious steps are to verify these observations for molecular thin films on metal substrates and to scale-up the simulations for organic solids. 
